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Abstract 
Lipid rafts are specialized membrane microdomains 
functioning as signaling platforms across plasma membranes of 
many animal and plant cells. In the ascidian Ciona intestinalis, 
egg-derived sperm activating- and attracting-factor (SAAF) 
induces both activation of sperm motility and sperm 
chemotaxis to the egg. Here I found that a lipid rafts disrupter, 
methyl-6-cyclodextrin (MCD), inhibited both SAAF-induced 
sperm motility activation and chemotaxis. Synthesis of 
intracellular cAMP promoted by SAAF was also inhibited by 
MCD. MCD inhibited sperm motility induced by 
ionophore-mediated Ca2+ entry but not that induced by 
valinomycin-mediated hyperpolarization. Ca2+-imaging 
revealed that lipid rafts disruption inhibited Ca2+ influx at the 
activation of sperm motility. The results suggest that sperm 
lipid rafts function in signaling upstream of cAMP synthesis, 
most likely in SAAF-induced Ca2+ influx, and are required for 
Ca2+-dependent pathways underlying activation and 
chemotaxis in Ciona sperm. Biochemical analysis indicated 
that several proteins related to SAAF-dependent sperm 
activation are present in lipid rafts fraction. LC-MS/MS 
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analysis revealed several proteins were specifically located to 
the lipid rafts in flagella, including raft marker flotilin, several 
cytoskeletal elements, ion channels, and those for ciliogenesis. 
A homolog of the cancer-testis antigen Sp 1 7 (Ci -Sp 1 7) is a 
component of lipid rafts and is degraded by calpain at 
activation of sperm motility. I found that degradation of 
Ci-Sp17 was inhibited by disruption of lipid rafts and by a 
calpain inhibitor. Proteomic analysis of flagellar lipid rafts 
identified a protein with sequence similarity to human calpain 
7, which intriguingly possessed two microtubule-binding 
domains. The activity of adenylyl cyclase associated with lipid 
rafts was activated by Ca2+ and inhibited by MCD. Taken 
together, it is suggested that lipid rafts are necessary to induce 
Ca2+ influx in response to SAAF reception, leading the 
activation of calpain to degrade Sp17 and ultimately resulting 
in the activation of adenylyl cyclase. 
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Ab brevia tions 
AC: 
KCNG: 
LC: 
MCD: 
MS/MS: 
PKA: 
PMCA: 
SAAF: 
Sp17: 
adeny ly 1 cyclase 
K+ selective cyclic nucleotide gated channel 
liquid chromatography 
methyl-8-cyclodextrin 
tandem mass spectrometry 
cAMP-dependent protein kinase 
plasma membrane Ca2+ATPase 
sperm-activating and -attracting factor 
sperm protein 1 7 
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General Introduction 
Marine animals are vast resource for studying life science 
and have been used as model systems to address basic 
biological questions, such as signal transduction, mechanisms 
of biosynthesis and intracellular transport. Major discoveries of 
fundamental biological processes have come from studies on 
. . 
marIne organIsms. 
Flagella motility of sperm is based on the active sliding of 
outer-doublet microtubules by axonemal dyneins in the 
axonemes (Inaba, 2003, 2007, 2011). The central structures, 
central pair and radial spokes, are thought to modulate 
axonemal dyneins. It is shown that functions of several 
axonemal components are regulated In response to 
extracellular signal to the flagella. Among the intracellular 
factors that regulate the axonemes, cAMP and Ca2+ are 
indicated quite important in all animals. 
Sperm from a marine invertebrate, the ascidian Ciona 
intestinalis) show simple structure and their motility is clearly 
activated by a sperm -activating and attracting factor, called 
SAAF. SAAF is a sulfated steroid released from Ciona egg. 
Sperm activation and chemotaxis can be reproduced in vitro by 
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purified or chemically synthesized SAAF (Yoshida et aI., 2002). 
This system provides excellent research basis for studying 
signaling mechanism in sperm for activation of molecular 
motor and flagellar axonemes, which could not be easily 
achieved by using mammalian sperm. 
The increased intracellular calcium concentration through 
calcium entry from the outside of cells plays essential roles in 
the molecular signaling for the activation of sperm motility. In 
Ciona intestinalis, increase in intracellular Ca2+ concentration 
induced K+ influx through K+ channel and resulting membrane 
hyperpolarization caused the activation of adenylyl cyclase to 
synthesize cAMP (Izumi et aI., 1999). cAMP plays an essential 
role in protein phosphorylation. On the other hand, sperm 
attractants appear to induce Ca2+ entry from extracellular 
spaces into the sperm cell, and the increase in [Ca2+L mediates 
the beating of sperm flagella, resulting in the chemotactic turn 
and 'turn-and-straight' movements (Yoshida et aI., 2011). 
Transient changes in the swimming direction are important for 
sperm in chemotaxis to the egg at fertilization (Fig. 1). 
Membrane microdomains or lipid rafts are specialized 
domains of plasma membrane enriched in cholesterol and 
sphingolipids (for review see Pike, 2003; Lingwood and Simons, 
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2010). They exist as membrane regions resistant to extraction 
with non-ionic detergents such as Triton X-100. Several 
proteins, especially those functioning in cell signaling, have 
been shown to be localized to lipid rafts, and, as a result, lipid 
rafts are thought to be involved in regulating signal 
transduction. Lipid rafts reportedly play a role in sperm 
capacitation in several mammalian species, including boar 
(Shadan et aI., 2004), humans (Cross, 2004), mouse (Trevino et 
aI., 2001; Travis et aI., 2001; Sleight et aI., 2005) and guinea pig 
(Travis et aI., 2001) (for review, see Nixon and Aitkin, 2009). 
Immunofluorescence analysis uSIng antibodies against 
caveolin-1, a marker of lipid rafts, indicates that lipid rafts are 
distributed along flagella and to a lesser extent on the head of 
mouse sperm (Travino et aI., 2001). Studies using another 
marker of lipid rafts, cholera toxin B subunit, showed that lipid 
rafts redistribute to the sperm head after the acrosome reaction 
(Travino et aI., 2001). Further studies indicate that the uniform 
distribution of lipid rafts in sperm heads changes upon 
capacitation to the peri-acrosomal region (Shadan et aI., 2004; 
Nixon et aI., 2009). Moreover, involvement of lipid rafts in the 
interaction of sperm and egg is suggested by the identification 
of factors required for that interaction in the rafts fraction 
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(Sleight et aI., 2005; Nixon et aI., 2009). Although these studies 
clearly demonstrate the importance of sperm lipid rafts in 
fertilization, thus far no study has described the function of 
lipid rafts in regulating sperm motility. 
In this thesis, I describe the roles of lipid rafts in the 
regulation of flagella motility in sperm of Ciona in tes tin alis. I 
used a lipid rafts disrupter, methyl-8-cyclodextrin (MCD), to 
know how lipid rafts are involved in the signaling pathway for 
motility activation and chemotaxis of Ciona sperm. I found that 
the structures of lipid rafts are essential for both motility 
activation and chemotaxis. Further studies suggest that lipid 
rafts are required for Ca2+-dependent pathways in the process 
of activation and chemotaxis in Ciona sperm. Proteomic 
approach revealed several proteins specific to lipid rafts in 
flagella that are potentially important in the signaling for the 
regulation of sperm motility. Finally, I found that a homolog of 
the cancer-testis antigen Sp17 (Ci-Sp17) is a component of lipid 
rafts and is degraded by calpain 7 at activation of sperm 
motility. I demonstrate that degradation of Ci-Sp17 was 
inhibited by disruption of lipid rafts and by a calpain inhibitor. 
Adenylyl cyclase activity in lipid rafts was activated by Ca2+ 
and inhibited by MCD. 
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Chapter 1 
Involvement of lipid rafts in the 
signaling pathway for motility 
activation and chemotaxis 
8 
Introduction 
Sperm are morphologically and functionally specialized for 
fertilization. Their flagella are compartments required for 
motility, and the regulation of flagellar motility is critical for 
successful fertilization. At fertilization, spermatozoa show 
dramatic changes in motility, such as initiation, activation and 
chemotaxis to the egg (Inaba, 2003, 2011). In the ascidian Ciona 
in testin alis, SAAF induces both activation of sperm motility 
and sperm chemotaxis (Yoshida et aI., 1993; 2002). SAAF 
reportedly binds an unidentified receptor expressed on the 
sperm plasma membrane, promoting calcium influx followed by 
K +-dependent membrane hyperpolarization, activation of 
adenylyl cyclase (AC) and cAMP synthesis. cAMP activates 
cAMP-dependent protein kinase, resulting In the 
phosphorylation of axone mal proteins, an activity that 
ultimately activates flagellar motility (Yoshida et aI., 1994; 
Izumi et aI., 1999; Nomura et aI., 2000). On the other hand, 
transient increases in intracellular Ca2+ mediated by SAAF 
induce temporal asymmetry in flagellar waveforms and cause 
alternate straight and turning movements during chemotaxis 
to the egg. In both motility activation and chemotaxis, optimal 
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spatial arrangement of the SAAF-receptor, ion channels and 
signaling molecules is thought to allow sperm to achieve rapid 
responses. However, the precise arrangement and interactions 
of these signaling molecules have not been elucidated. 
In this chapter, I describe on the role of lipid rafts in the 
regulation of sperm motility in the ascidian Ciona intestinalis. I 
show that disruption of lipid rafts structures by treatment of 
sperm with methyl-6-cyclodextrin (MCD) inhibits 
SAAF-induced motility activation and chemotaxis of Ciona 
sperm. Detailed analysis indicates that sperm lipid rafts 
function In a pathway upstream of cAMP synthesis and 
suggests that SAAF-induced Ca2+ influx and subsequent 
Ca2+-dependent pathways are blocked when the structure of 
lipid rafts is perturbed. 
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Results 
MCD inhibits SAAF-induced but not 
theophylline-induced motility activation 
The compound MCD, which extracts cholesterol from cell 
membranes, has been used to study lipid rafts (Zidovetzki and 
Levitan, 2007). However, the effects of using MCD to deplete 
cholesterol from membranes of invertebrate sperm have not 
been examined. To begin to examine the role of lipid rafts on 
motility of Ciona sperm, I disrupted lipid raft structures with 
the reagent MCD and measured cholesterol extracted from 
Ciona sperm (Fig. 2). Untreated sperm contained ""12.5 mg 
cholesterol per 1.5 x 108 cells. Treatment of sperm with 10, 100 
or 1000 J.lM MCD decreased cholesterol content of sperm to 6.1, 
3.2 or 3.0 mg per 1.5 x 107 cells, respectively. 
Ciona sperm show little or no motility In seawater, but 
motility activation is induced by the addition of SAAF (Yoshida 
et aI., 1993). To understand the involvement of lipid rafts in 
regulating sperm motility, I first examined 'the effect of MCD on 
SAAF-induced activation of sperm motility. Pre-treatment of 
sperm with low concentrations of MCD (0 to 5 J.lM) did not alter 
activation of motility by SAAF (Fig. 3). However, at MCD 
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concentrations higher than 10 11M, motility activation was 
significantly decreased. Theophylline, a phosphodiesterase 
inhibitor, induces activation of sperm motility by blocking 
hydrolysis of intracellular cAMP, a mechanism that differs from 
SAAF-induced motility activation (Hoskins et aI., 1975; Yoshida 
et aI., 1994). MCD did not inhibit theophylline-induced motility 
activation, even at high concentrations. These results suggest 
that pathways upstream of cAMP synthesis are inhibited by 
disruption of raft structure. 
Men inhibits SAAF-induced cAMP synthesis 
Since SAAF-dependent activation of sperm motility IS 
accompanied by rapid increases in intracellular cAMP within 
10 sec (Izumi et aI., 1999), I asked whether MCD treatment 
alters intracellular cAMP levels. When sperm were suspended 
in seawater containing SAAF, intracellular cAMP levels greatly 
increased (Fig. 4A). However, in the case of sperm pre-treated 
for 10 min with 100 11M MCD or 1 mM MCD, cAMP synthesis 
was inhibited even after addition of SAAF (Fig. 4B). 
Theophylline-mediated increases in cAMP concentration were 
not affected by the treatment with MCD (Fig. 4A), strongly 
suggesting that lipid rafts are essential for SAAF-induced 
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cAMP synthesis and subsequent activation of sperm motility. 
Men does not inhibit valinomycin-induced motility 
activation 
It has been suggested that membrane hyperpolarization 
through K + channels triggers AC activation, resulting in 
increases in intracellular cAMP concentration (Izumi et al., 
1999). The potassium ionophore valinomycin induces activation 
of sperm motility via membrane hyperpolarization (Izumi et al., 
1999; Krasznai et al., 2000). To further analyze the role of lipid 
rafts in signaling required for motility activation, I determined 
the effect of MCD treatment on valinomycin-induced activation 
of sperm motility. Valinomycin activated sperm motility to the 
same level as that induced by SAAF, and activation was 
observed even after pre-treatment of sperm with 100 J.lM MCD 
(Fig. 5A). Motility activation was not observed in Ca2+-free 
seawater following either SAAF or valinomycin treatment (Fig. 
5B), indicating that membrane hyperpolarization and cAMP 
synthesis is Ca2+-dependent. Sperm pre-treated with 100 J.lM 
MCD, however, were activated by valinomycin in Ca2+-free 
seawater (Fig. 5B), indicating that, in the course of activating 
sperm motility, membrane hyperpolarization occurs 
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downstream of Ca2+-influx in a lipid raft-independent manner. 
Experiments with 1 mM MCD resulted in no significant 
difference (data not shown). 
MCD inhibits motility activation induced by 
ionophore-mediated increases in intracellular Ca2+ 
Ca2+ influx is critical for SAAF-induced activation of sperm 
motility (Yoshida et aI., 1994; Izumi et aI., 1999). Here, I 
initially attempted to artificially increase intracellular Ca2+ 
levels by treating sperm with the Ca2+ ionophore A23187. 
Addition of 10 11M A23187 induced temporary motility 
activation in normal seawater, but motility ceased after 
approximately 2 sec (data not shown). This effect is likely due 
to entry of very high levels of Ca2+ into sperm, which induces 
highly asymmetric flagellar waveforms and ultimately leads to 
motility quiescence (Brokaw, 1979; Gibbons and Gibbons, 1980). 
I then undertook similar assays using low calcium (0.5 mM) 
seawater (CaLSW). In these conditions, motility activation was 
efficiently induced by addition of A23187 without rapid 
cessation of motility (Fig. 6). However, compared to untreated 
sperm, MCD-treated sperm showed decreased activation in the 
presence of A23187. I confirmed that Ca2+ influx was still 
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induced by ionomycin even after MCD treatment but the 
intensity of intracellular Ca2+ increasing was lower. This 
strongly suggests that motility activation stimulated by Ca2+ 
influx requires lipid rafts. 
Mcn inhibits SAAF-induced Ca 2+ influx 
To investigate the role of lipid rafts in SAAF-induced Ca2+ 
influx, sperm were incubated with a fluorescent Ca2+ indicator, 
Fluo-8 AM, and changes in [Ca2+L in the presence or absence of 
MCD were monitored by fluorescence microscopy. SAAF 
treatment induced oscillatory increases in [Ca2+L in the absence 
of MCD (Fig. 7A and 7C). Oscillatory patterns in [Ca2+L 
increase were also observed in sperm pre-treated with 1 mM 
MCD, but the maximum intensity of [Ca2+L was considerably 
reduced, particularly in head region (Fig. 7B and 7D). 
Treatment of Fluo-8-loaded sperm with 5 JlM ionomycin 
resulted in considerable increase in fluorescence with almost 
the same intensities between MCD-treated and -untreated 
sperm (data not shown), suggesting that the dye does not leak 
from sperm of after MCD treatment and that MCD affects on 
the ability of head to retain Ca2+. Comparison of the ratio of 
fluorescence intensity to the maximum fluorescence intensity 
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indicated that increases in [Ca2+L mediated by SAAF were 
significantly inhibited by MCD in the flagellum (Fig. 7E). In 
contrast, those ratios did not differ significantly in the head. 
These findings suggest that lipid rafts function In 
SAAF-dependent Ca2+ influx, particularly in flagella. 
Men inhibits SAAF-induced chemotaxis 
SAAF-induced sperm chemotaxis requires transient Ca2+ 
influx and subsequent asymmetrical changes in flagellar 
waveform (Yoshida et aI., 2002). Our findings reported above 
demonstrate that lipid rafts are required for SAAF-induced 
Ca2+ influx. To determine whether lipid rafts function In 
regulation of chemotaxis, I examined the effect of MCD on 
sperm chemotaxis. Sperm were suspended in artificial seawater 
and pre-treated both with and without MCD, and motility was 
then activated by theophylline treatment. A capillary filled with 
SAAF-containing agar was inserted into the sperm suspension, 
and sperm trajectories were recorded (Fig. 8). In the absence of 
MCD, sperm clearly showed chemotactic movement toward the 
capillary, using a combination of straightforward and turning 
movements (Fig. 8A). However, sperm pre-treated with MCD 
showed circular movements and no chemotactic behavior (Fig. 
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8B). Calculation of the linear equation chemotaxis index (LECI) 
provides quantitative assessment of the extent of directed 
movement of sperm toward the egg (Yoshida et aI., 2003). 
LECIs in the absence and presence of MCD treatment were 
56.0 ± 4.3 mm/sec and -0.96 ± 22.0 mm/sec, respectively, 
indicating that disruption of lipid rafts promotes loss of sperm 
chemotactic behavior (Fig. 8C). 
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Discussion 
Proteins localized in specialized membrane microdomains 
known as lipid rafts function in signal transduction in multiple 
cell types. In spermatozoa, several studies demonstrate the role 
of lipid raft in processes of fertilization, such as in capacitation 
(Thaler et aI., 2006), binding to the zona pellucida (Bou Khalil 
et aI., 2006), acrosomal exocytosis (Tsai et aI., 2007), and 
sperm-egg membrane interaction (Miranda et aI., 2009). 
Nonetheless, the roles of lipid rafts in sperm motility remain 
unclear, although proteins localized to lipid rafts in sperm 
flagella have been reported, including caveolin-1 (Travis et aI., 
2001), Trp 1 (Trevino et aI., 2001), basigin, hexokinase 1, flotillin 
and glucose transporter 3 (Miranda, et aI., 2009). Recently, the 
sialoglycoprotein flagellasialin, which is reportedly localized to 
lipid rafts, was shown to regulate Ca2+-dependent 
mechanosensory behavior of sea urchin sperm flagella (Miyata 
et aI., 2006). Moreover, genes mutated in polycystic kidney 
disease (PKD) in humans and mice, PKD1 (Polycystin 1) and 
PKD2 (Polycystin 2), form non-selective Ca2+ channels and are 
localized to primary cilia (D'Angelo and Franco, 2009; Harris 
and Torres, 2009). The membrane-associated receptor-like 
18 
protein fibrocystin, which is mutated in autosomal receSSIve 
PKD, associates with primary cilia of epithelial cells and 
reportedly colocalizes with PKD2 in lipid rafts, suggesting a 
raft-dependent functional association of PKDI/PKD2 and 
fibrocystin in Ca 2+ transport (Follit et aI., 2010). 
In Ciona sperm, activation of sperm motility and 
chemotaxis is promoted by the sulfated steroid SAAF, which is 
released from the unfertilized egg (Yoshida et aI., 2002). Here, I 
first showed that lipid rafts are indispensable to regulate 
motility changes. Ca2+-imaging revealed that Ca2+ influx in 
response to SAAF reception requires lipid rafts. On the other 
hand, Ca2+ plays a key role in the regulation of flagellar beating. 
In sea urchin spermatozoa, Ca2+ concentration in the 
reactivation medium is correlated with the asymmetric 
flagellar beating of reactivated demembranated sperm models 
(Brokaw et aI., 1974; Brokaw, 1979). In Ciona intestinalis, 
sperm attractants appear to induce Ca2+ entry from 
extracellular spaces into the sperm cell, and the increase in 
[Ca2+]i mediates the beating of sperm flagella, resulting in the 
chemotactic turn and 'turn-and-straight' movements (Yoshida 
et aI., 2011). Pharmacological studies suggest that activation of 
sperm motility is mediated by voltage-dependent Ca2+ channels 
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(Yoshida et aI., 1994), whereas sperm chemotaxis is mediated 
by store-operated Ca2+ channels (Yoshida et aI., 2003). Our 
present data strongly suggests potential spatial linkage 
between the SAAF receptor and these two types of Ca2+ 
channels via lipid rafts. In other cells, lipid rafts function in 
assembly of complexes including Ca2+ channels such as TRP or 
store-operated Ca2+ channels and regulator G-proteins, 
G-protein coupled receptors, and other key regulators of TRPC 
channels (Brazer et aI., 2003; Galan et aI., 2010). Voltage-gated 
calcium channels also function in similar complexes (Balijepalli 
et aI., 2006; Robinson et aI., 2010). Clustering of Ca2+ channels 
and their regulators in microdomains would provide exquisite 
spatiotemporal regulation of Ca2+-mediated cellular function 
(for review, see Ambudkar, 2006; Pani and Singh, 2009). 
I showed that the raft disrupter MCD inhibited activation 
of sperm motility promoted by SAAF but not theophylline, 
suggesting the participation of lipid rafts in signal transduction 
from SAAF reception to cAMP synthesis. Several studies 
suggest the participation of both soluble and transmembrane 
ACs in cAMP synthesis in sperm (Jaiswal and Conti, 2003; 
Spehr et aI., 2004; Esposito et aI., 2004; Hess et aI., 2005; 
Nomura and Vacquier, 2006; Carlson et aI., 2007; Marquez and 
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Suarez, 2008; O'Brien et aI., 2011). Here, I clearly showed that 
Ca2+-dependent signaling required to activate AC requires lipid 
rafts structures in the plasma membrane. Signaling from the 
SAAF receptor to AC appears to include Ca2+-influx and 
membrane hyperpolarization, but detailed regulatory 
mechanisms are not yet completely understood. 
Sperm motility initiated by A23187 treatment in CaLSW 
was inhibited by MCD (Fig. 6), suggesting that a Ca2+- and 
raft-dependent pathway regulates AC. On the other hand, 
SAAF-mediated sperm motility was not observed in Ca2+-free 
seawater; however, treatment with MCD and valinomycin did 
activate sperm motility in Ca2+-free seawater in the absence of 
SAAF (Fig. 5). These results also suggest the presence of an 
inhibitor that binds to AC in the absence of Ca2+ in lipid 
raft-dependent manner. That inhibitor may dissociate or be 
recruited to a different raft in the presence of Ca2+ or by MCD 
even in the absence of Ca2+. It is known that transmembrane 
ACs are regulated by multiple factors and participate in 
signaling cascades in several cell types (Willoughby and Cooper, 
2007; Pagano et aI., 2009). Fo~ example, among the nine 
transmembrane ACs expressed in mammals, six are inhibited 
by Gia, excluding AC2, AC4, and AC7. AC9 is also negatively 
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regulated by Ca2+/calcineurin. PKC activation stimulates these 
Gia- and Ca2+-insensitive ACs and inhibits AC9. Inhibition of 
AC6 by nitric oxide is dependent upon lipid rafts and caveolin 
signaling complexes (for a review of regulation of ACs, see 
Willoughby and Cooper, 2007). It is possible that similar 
inhibitory factors present in sperm lipid rafts regulate 
transmembrane ACs in a Ca2+-dependent manner in Ciona 
sperm flagella. Identification of molecular components of lipid 
rafts and the proteins in those rafts critical for activation of 
sperm motility could shed light on AC activation and ultimately 
on how sperm motility is regulated. 
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Chapter 2 
Proteomic analysis of flagellar lipid 
rafts in sperm of Ciona intestinalis 
23 
Introduction 
Proteomics is an extensive way for protein identification, 
including description of protein properties, expression level, 
post-translational modification and molecular interactions. 
This field is of growing importance to the question posed by the 
genome-sequencing projects; what are the functions of all the 
proteins? To date, several proteomic studies have been done in 
sperm from humans (Ficarro et aI., 2003; Martinez-Heredia et 
aI., 2006), mice (Sleight et aI., 2005; Cao et aI., 2006; Baker et 
aI., 2008), Drosophila melanogaster (Karr, 2007), 
Caenorhabditis elegans (Chu et aI., 2006), and recently from C. 
intestinalis (Nakachi et aI., 2011). These studies have identified 
many proteins with possible roles in sperm architecture and 
sperm function, including energy production, signal 
transduction, cell motility, and sperm-egg interactions. 
In Chapter 1, I found that the activation of sperm motility 
and sperm chemotaxis need the structure of lipid rafts of sperm 
plasma membrane, in particular in the process of Ca2+ influx 
and subsequent activation of adenylyl cyclase. It is well known 
that lipid rafts function as the platform and contain several 
important proteins for signaling. Proteomic identification of 
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these proteins in sperm should shed light on the molecular 
mechanism for signaling leading the activation of flagellar 
motility. In this Chapter, I describe on the proteomic analysis of 
lipid rafts from whole sperm and isolated flagella. Lipid rafts 
were isolated from 1% Triton X-IOO extract of whole sperm and 
isolated sperm flagella by sucrose density gradient 
centrifugation. And the proteins were analyzed by liquid 
chromatography tandem mass spectrometry (LC-MS/MS) in C. 
intestinalis. Totally 890 proteins have been identified. Among 
them, I specified 98 proteins specifically present or rich in 
flagellar lipid rafts by comparison of those between whole 
sperm and isolated flagella. 
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Results 
Isolation of lipid rafts 
To know the biochemical properties of lipid rafts in sperm, 
sperm flagella were isolated by homogenization of sperm and 
subsequent centrifugation in Ca2+-free condition. The whole 
sperm and sperm flagella were treated with 1% TritonX-100, 
and separated by sucrose density gradient centrifugation (Fig. 
9, A and B). Western blots with antibodies against a raft 
marker flotillin and a non-raft marker Skp1 showed that lipid 
rafts were efficiently isolated and separated from non-raft 
proteins (Fig. 9C). After SDS-PAGE of each raft fraction, the 
gels were excised into slices and subjected to LC-MS/MS. All 
the proteins identified by MS were analyzed by CIPRO 
database (Endo et aI., 2011). 
Functional categorization of raft proteins 
Proteins identified by LC-MS/MS were analyzed uSIng 
CIPRO and BLASTP search and were functionally classified 
into 21 categories according to the KOG database (Tatusov et aI. 
2003) with modifications (Nomura et aI., 2008; Nakachi et aI., 
2011). Profile comparison of the categorization implied 
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functions of lipid rafts in sperm head and flagella (Fig. 10). 
First, several proteins involved in cell motility and cytoskeleton 
are rich in flagellar raft fraction. This could be easily expected 
but all of these proteins are thought to be present associated 
with membranes, not the components ofaxonemes. Second, 
proteins for DNA replication and RNA metabolism are rich in 
whole sperm, which is thought to be derived from the nucleus of 
sperm head. This was also expected, but the presence of factors 
for RNA transcription and translation is particularly intriguing. 
Third, proteins for energy production and conversion are 
abundantly found in whole sperm, which is also expected due to 
the presence of a mitochondrion in the head fraction of sperm. 
Proteins abundantly present in flagellar lipid rafts 
Totally 549 or 350 proteins with more than one peptide 
counts have been identified in isolated lipid rafts from whole 
sperm or flagella, respectively. The top 30 proteins that are 
abundant in flagellar lipid rafts are listed in Table 1. The 
protein most abundantly present in flagellar lipid rafts was 
ATP-binding cassette sub-family B ~ember 1 protein. Flotillin 
as a protein marker of lipid rafts and a factor for formation of 
lipid rafts, stomatin, were also found in a high amount. 
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Cytoskeletal components, such as ex - and [3 -tubulin and 
otoancorin, were also listed. Intriguingly two membrane, 
plasma membrane Ca2+ ATPase (PMCA) and potassium 
selective cyclic nucleotide gated channel, were detected as 
raft-abundant proteins. 
The list of abundant proteins found in lipid rafts of whole 
sperm also showed high abundance for ATP-binding cassette 
sub-family B member 1 protein, flotillin, PMCA, and potassium 
selective cyclic nucleotide gated channel (Table 2). One of the 
characteristics in raft proteins abundantly detected in whole 
sperm was to contain mitochondrial proteins, such as ATP 
synthase, cytochrome, andADP/ATP translocase. 
Proteins specifically present or concentrated In 
flagellar lipid rafts 
I compared the peptide counts for each protein in lipid rafts 
from whole sperm and isolated flagella and specified proteins 
specifically present (no peptide count in whole sperm rafts) or 
concentrated (high ratio of peptide counts in flagella vs whole 
sperm) in flagellar lipid rafts. The specific proteins specifically 
present in flagellar rafts are listed in Table 3. The proteins 
showing high ratio of peptide counts in flagella vs whole sperm 
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are listed in Table 4. 
I could find some proteins that were potentially involved in 
the signaling for the activation of sperm motility. They included 
the regulatory subunit of protein phosphatase 1, 3, 5'-cyclic 
nucleotide phosphodiesterase 10A1, potassium channel 
modulatory factor 1, the regulatory subunit of cAMP-dependent 
protein kinase II, G protein-coupled receptor associated sorting 
protein and RAS guanyl releasing protein 1. One of the 
prominent characteristics of proteins in these lists was 
cytoskeletal proteins and motor proteins, such as mYOSIn, a 
central pair protein PF16 and PF6, axonemal dynein heavy 
chain 8, and {3 heavy chain of outer arm dynein. Several 
proteins that are potentially involved in ciliogenesis were also 
included in the list: kinesin (KIF 13A), kinesin -like protein 
KPL2, and centrosomal protein CEP290. It is of particularly 
intriguing that some proteins involved in neuronal function and 
in human diseases were specifically found in the flagellar lipid 
rafts, such as Doublecortin, thyroid adenoma associated protein, 
Otoancorin, and Shwachman -Bodian -Diamond syndrome 
homolog. 
Proteins in lipid rafts possibly present in sperm head 
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Proteins only found in lipid rafts from whole sperm, not 
from flagellar rafts, are listed in Table 5. The proteins showing 
high ratio of peptide counts in whole sperm vs isolated flagella 
are listed in Table 6. Since head region is included in whole 
sperm, these proteins are thought to de derived mostly from 
head. As described above, many mitochondrial proteins, such as 
ADP/ATP translocase, mitochondrialATP synthase, cytochrome, 
and NADH dehydrogenase, were found in these lists. Proteins 
for glycolysis were also included. Interestingly proteins 
potentially involved in sperm -egg interaction were found: a 
progesterone receptor, tenascin, Ci -TRPP, meprin A, and 
polycystic kidney disease protein 2. 
Proteins with specific notes In relation to the 
regulation of flagellar motility 
Other than proteins described above, I found several 
proteins that are potentially related to the regulation of sperm 
motility (Table 7). First, a homolog of the cancer-testis antigen 
Sp17 (Ci-Sp17) and calpain 7 were found in flagellar lipid rafts. 
Both proteins have been recently suggested to be essential for 
Ca2+-dependent regulation of sperm motility (A. Hozumi, L. 
Zhu, Y. Sasakura, K. Inaba, manuscript in preparation; see 
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Chapter 3). Second, several types of ion channel potentially 
important for Ca2+ influx and membrane hyperpolatization 
were identified. They include an intermediate conductance 
calcium-activated potassium channel, K+/Na+ 
hyperpolarization -activated cyclic nucleotide -gated channel, 
transient receptor potential cation channel subfamily A 
member 1, sperm-associated cation channel CatSperI, and 
voltage-gated Na channel type I-like. Third, several protein 
kinases and their possible regulatory proteins were found, such 
as caseIn kinase 1, testis-specific serIne kinase 2, 
receptor-interacting serine/threonine -protein kinase 2, 
I4-3-3-epsilon 2, I4-3-3-a, calmodulin, and soluble adenylyl 
cyclase. Fourth, G-protein and its related proteins were found; 
ADP-ribosylation factor-like protein 6-interacting proteinI, 
RAS oncogene family protein, Ras-associated protein RapI, 
RAP2A, Ras-related protein O-RAL isoform 2, and Ras-related 
protein ORAB-I. Interestingly, some signaling proteins known 
to participate in Wnt-pathway and neuronal function were 
found; axin, CUB and Sushi multiple domains 1, dorsal-ventral 
patterning tolloid-like protein 1, tubulin tyrosine ligase-like 
family protein, LIM and SH3 protein (LASP), and neuronal 
nitric oxide synthase. 
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Discussio 
In this study, I performed a proteomic analysis of lipid rafts 
isolated from whole sperm and flagella regain by sucrose 
density gradient centrifugation. Comparison between two raft 
fractions revealed several proteins that are thought to be 
involved in the signaling pathway for motility activation. 
I found several cytoskeletal components in flagellar lipid 
rafts, such as ex - and [3 -tubulin and otoancorin, myosin, a 
central pair protein PF16 and PF6, axonemal dynein heavy 
chain 8, and [3 heavy chain of outer arm dynein, kinesin 
(KIF13A), kinesin-like protein KPL2, and centrosomal protein 
CEP290. It has been known that membrane-anchored 
cytoskeletons play important roles not only in the proper 
localization but also in the regulation of membrane proteins 
(Galjart and Perez, 2003). More recently, it was shown that 
microtubules and actin filaments restrict cAMP formation by 
regulating the localization and interaction of G-protein coupled 
receptor and AC in lipid rafts (Head et aI., 2006). I found 
several G-proteins in flagellar lipid rafts. Cytoskeletal elements 
in flagellar lipid rafts might be involved in a local cAMP 
production for activation of sperm motility and in the 
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compartmentalization of Ca2+ influx and efflux induced by 
SAAF (see below). On the other hand, motor proteins, dynein 
and kinesin, along with centrosomal protein CEP290 and 
possibly central pair protein PF16 and PF6, may be related in 
flagellogenesis. Ciliogenesis is driven by dynein and kinesin 
through intraflagellar transport (1FT) (Cole, 2003). However, 
the involvement of 1FT during flagellogenesis In 
spermatogenesis has been controversial (Han et aI., 2003). The 
cytoskeletal components identified in this study may be key 
clues to explore the mechanism of flagellogenesis seen during 
spermatogenesis. 
Ion channels are key elements in the signaling among 
sperm, its environment, and the egg. In sea urchin sperm, the 
acrosome reaction and the activation of motility requires influx 
of Ca2+ and Na+ and efflux of K+ and H+. On the other hand, 
binding of sperm-activating peptide, speract, to sperm receptor 
induces the increase of cGMP, followed by K+ selective cyclic 
nucleotide gated channel (KCNG)-mediated K+-dependent 
hyperpolarization, which further induces membrane 
depolarization and Ca2+ influx (Cook and Babcock, 1993; 
Beltran et a1., 1996; Darszon et aI., 2008). Several Ca2+ 
channels or exchangers have been identified or suggested in sea 
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urchin sperm; T-type Ca2+ channel (Cav3) (Kaupp et aI., 2006), 
cAMP-gated Ca2+ channel (Nishigaki et aI., 2004; Wood et aI., 
2003), Na+/K+-Ca2+ exchanger (Su and Vacquier, 2002) and 
plasma membrane Ca2+ ATPases (PMCAs) (Gunaratne and 
Vacquier, 2006). In mammalian sperm, a putative sperm cation 
channel, CatSper, with structural similarity to 
voltage-dependent Ca2+-channel, is localized in the principal 
piece of the sperm tail and required for sperm motility (Ren et 
aI., 2001). 
In the present study, both PMCA and KCNG were found as 
major rafts protein in Ciona sperm, suggesting a mechanism for 
motility activation similar to that in sea urchin. PMCA has 
been recently identified as a candidate for SAAF receptor in 
Ciona sperm (Yoshida et aI., 2010). It appears involved in 
SAAF-dependent Ca2+ efflux, which raises a question of how 
SAAF induces the increase in [Ca2+Ji. One possibility is that 
SAAF binding to PMCA induces inhibition of Ca2+ efflux. It is 
known that SAAF induces Ca2+ influx and membrane 
hyperpolarization (Izumi et aI., 1999). I found a 
sperm-associated cation channel CatSper1, which may induce 
major Ca2+ influx and subsequent activation of adenylyl cyclase. 
I also identified KCNG as well as an intermediate conductance 
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calcium-activated potassium channel and 
K+/Na+-hyperpolarization activated cyclic nucleotide gated 
channel. The increase in intracellular cAMP may cause the 
activation of these cyclic nucleatide gated channel, resulting in 
membrane hyperpolarization. 
Several intracellular signaling for the activation of sperm 
motility occur after stimulation of intracellular cAMP synthesis 
via activation of sperm ACs. ACs are classified into several 
transmembrane types (mAC) and a solubule type (sAC). In 
mammals, several mACs are known to be regulated by Ca2+ 
(Willoughby and Cooper, 2007). However no mAC was 
identified in the present proteomic analysis, instead I found 
sAC. sAC is activated by bicarbonate but the mechanism of 
Ca2+-activation has not been known. A mammalian testis- and 
sperm specific protein Sp17 was identified in Ciona sperm. It 
shows the quantity change before and after SAAF treatment 
(Hozumi, 2006). My study suggests that Sp17 is presented in 
lipid rafts, the degradation of Sp17 may induce activation of 
sAC. Moreover, the degradation of Sp17 may calpain dependent. 
Calpain is a cysteine proteinase. It was identified in the 
isolated lipid rafts fractions of Ciona sperm. The inhibition of 
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calpain activity can inhibit the degradation of Sp 17 (described 
in details in Chapter 3). 
It is well known that the cAMP-dependent phosphorylation 
of flagellar proteins is required for the initiation and 
maintenance of sperm motility (Tash and Means 1983; San 
Augustin and Witman 1994, Visconti et aI., 1997; Morisawa, 
1994; Inaba, 2003). In Ciona sperm, several axonemal and 
non-axonemal proteins are phosphorylated or 
dephosphorylated upon activation of sperm motility by SAAF 
(Hozumi et aI., 2008). cAMP-dependent protein kinase (PKA) is 
known to locate In the axonemes and regulate the 
phosphorylation of dynein subunits (Inaba et aI., 1998, 1999). I 
found here that the regulatory subunit of cAMP-dependent 
protein kinase II is also present in lipid rafts in flagella, 
suggesting another role of PKA in the regulation of 
transmembrane signaling. Among non-axonemal proteins that 
are phosphorylated during activation of sperm motility by 
SAAF, 14-3-3 proteins are particularly intriguing because two 
types of them were identified in flagellar lipid rafts. 14-3-3 
epsilon 2 are located along sperm flagella (Hozumi et aI., 2008). 
It is known that PMCA has a binding site for 14-3-3 protein (De 
Leva et aI., 2008). This suggests a possibility that PMCA is 
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regulated by cAMP production through PKA-dependent 
phosphorylation of 14-3-3. 
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Chapter 3 
Lipid rafts function in Ca2+/calpain-
dependent degradation of Ci-Sp17 in 
the signaling for activation of sperm 
motility 
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Introduction 
In Chapter 1, I showed that lipid rafts are needed in the 
pathway between SAAF reception and the activation of 
adenylyl cyclase in SAAF-induced activation of sperm motility 
in C. in testin alis. In particular, SAAF-activated Ca2+ influx is 
significantly inhibited by a lipid rafts-disrupter MCD. However, 
motility activation by imposed Ca2+ entry with A23187 is still 
affected by MCD, suggesting that a raft-dependent pathway 
exists in the signaling after Ca2+-influx. 
Proteomic analysis of flagellar lipid rafts identified two 
important proteins (Chapter 2), Sp17 and calpain7, which are 
shown potentially important in the activation of sperm motility 
in C. intestinalis (Hozumi, 2006). Sp17 is a mammalian testis-
and sperm -specific protein that was first isolated, sequenced, 
and characterized from rabbit testis and spermatozoa 
(Richardson et aI, 1994). It contains a RII domain and 
calmodulin-binding motif IQ and was demonstrated that Sp17 
is involved in acrosome reaction (Wen et aI., 1999), and later its 
localization at fibrous sheath was clearly shown by electron 
microscopy (Chiriva-Internati et aI, 2009). The mRNA encoding 
Sp17 has been found in a range of marine and human somatic 
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tissues (Wen et aI, 2001; Frayne et aI, 2002). Sp17 is also 
detected in the neoplastic cells from patients with multiple 
myeloma and ovarian carcinoma and has been tested for the 
possibility as a tool for immunotherapy (Chiriva-Internati et aI, 
2002; Dadabayev et aI., 2005). Nowadays, Sp17 is known to 
widely distribute in human germinal cells, somatic tissues and 
neoplastic cells. 
Recently it was found that Sp17 in Ciona sperm was 
degraded at activation of sperm motility by SAAF. The 
SAAF-dependent activation of motility was inhibited by calpain 
inhibitor (Hozumi, 2006; A. Hozumi, L. Zhu, Y. Sasakura, K. 
Inaba, manuscript in preparation). The degradation is 
accelerated by the treatment of A23187 and is inhibited by a 
calpain inhibitor PD150606, suggesting that Sp17 is degraded 
by Ca2+lcalpain. In Chapter 2, I found both Sp17 and calpain 7 
in flagellar lipid rafts. This raises the possibility that Sp 1 7 and 
calpain are localized in the same raft and that the degradation 
of Sp17 depends on the raft structure. 
In this chapter, I biochemically examined the colocalization 
of Sp 1 7 and calpain and requirement of raft structure in the 
calpain-mediated degradation of Sp17. Furthermore, I discuss 
how the degradation of Sp17 by calpain activates adenylyl 
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cyclase and ultimately motility activation of sperm. 
Results 
Both Ci-Sp17 and calpain are associated with lipid 
rafts 
In Chapter 2, I identified both Sp17 and calpain 7 in the 
isolated lipid rafts from flagella. Each fraction from sucrose 
gradient was monitored to by antibody against Ci -Sp 1 7 or 
calpain (Fig. 11). Distinct peaks of immunoblots were observed 
in the raft fraction (fraction 3-5) in both cases of Sp 1 7 (--'320 
kDa) and calpain (90 kDa), clearly indicating that both proteins 
are associated with lipid rafts. High amounts of proteins were 
also detected in the non -raft fraction. In the case of Sp 1 7, two 
possible degradative products (70 kDa and 60 kDa) were 
observed in the non -raft fraction as well as apparently intact 
Sp17 (Fig. 11). 
Degradation of Ci-Sp17 at sperm activation IS 
raft-dependent 
To know the role of lipid raft in the calpain-mediated 
degradation of Ci-SpI7, I examined the western blotting of 
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whole sperm protein with anti-Ci-SpI7 antibody under several 
conditions (Fig. 12A). The western blot showed that Ci-Sp17 
was partially degraded at SAAF-induced activation of sperm 
motility (Fig. 12A). However, pretreatment of sperm with MCD 
could inhibit SAAF-induced degradation of Ci-SpI7. The 
calpain inhibitor PD150606 also inhibited Ci-Sp17 degradation 
induced by SAAF. Addition of a calcium ionophore, A23187, to 
seawater induced the degradation of Ci-Sp17 without SAAF. 
MCD partially inhibited that degradation but not completely 
(Fig. 12A). The inhibition of Sp17 degradation by PD150606 
resulted in the decrease of synthesis of intracellular cAMP but 
not by a control compound PD145305 (Fig. 12B). 
Localization of Ci-Sp17 in sperm was examined by 
immunofluorescent microscopy. Ci-Sp17 was localized at 
around mitochondrion of head region and along entire length of 
sperm flagella (Fig. 13). Rather intense signal was observed in 
the proximal part of flagella. Addition of SAAF to sperm 
reduced the signal of Sp17 from both mitochondrial region and 
flagella region. However sperm pretreated with MCD showed 
less decrease in the fluorescence in the flagellum, although 
fluorescence became observed entire region of flagellum and 
disappearance of fluorescence in head region was not inhibited. 
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Lipid raft is essential for Ca2+-dependent activation of 
adenylyl cyclases 
AC activity in the isolated raft fraction was measured in 
the absente or present of Ca2+ (Fig. 14). The isolated lipid rafts 
showed a low adenylyl cyclase activity. AC activity in the lipid 
rafts was highly activation by the addition of Ca2+, indicating 
that Ca2+-dependency for activation of adenylyl cyclase activity 
was retained in the lipid rafts. Presence of PD150606 could not 
inhibit this activation, however MCD partially inhibited the 
activity. Presence of both PD150606 and MCD strongly reduced 
the activity. On the other hand, adenylyl cyclase activity was 
activated by MCD in the absence of Ca2+. This activation was 
inhibited by PD150606 (Fig. 14). 
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Discussion 
In this chapter, I found that Sp17 was partially degraded 
by calpain at activation of sperm motility. Both Sp17 and 
calpain were shown to be localized in flagellar lipid rafts and 
may regulate the production of cAMP in response to SAAF 
reception. Sp17 is localized in the fibrous sheath in mammalian 
sperm and has been suggested to be involved in the regulation 
of sperm motility, however no direct evidence for the 
involvement has not been so far obtained. Here I presented 
data suggesting possible involvement of the degradation of 
Sp17 by calpain in the activation of adenylyl cyclase. 
Calpains belong to a family of cytosolic cysteine proteinases 
whose enzymatic activities depend on Ca2+. Although the 
physiological role of calpains are still poorly understood, 
members of the calpain family are believed to function in 
various biological processes, including integrin -mediated cell 
migration, cytoskeletal remodeling, cell differentiation and 
apoptosis (Suzuki et aI., 1998; Sorimachi et aI., 2010). In this 
study, calpain 7 was identified in flagellar raft fractions of 
Ciona sperm. The molecular mass deduced from eDNA 
sequence is 93.5 kDa (Table 7), which well agrees with the 
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result from western blotting with antibody against human 
calpain (Fig. 12). However the molecular mass estimated from 
gel filtration is ---650 kDa (data not shown), suggesting that 
calpain from Ciona sperm forms a complex with other proteins. 
Calpain 7 was shown to interact with subsets of 
multivesicular body proteins (CHMPs) (Yorikawa et aI., 2008). 
The N -terminal region containing a tandem repeat of 
microtubule-binding domain (MIT) of calpain 7 was found to be 
necessary and sufficient for interaction with CHMP1B 
(Yorikawa et aI., 2008). Here I found that the inhibition of 
calpain resulted in the suppression of Sp17 degradation and the 
activation of adenylyl cyclase (Fig. 12). Take together with the 
possible involvement of cytoskeletal elements In the 
construction of lipid rafts (Chapter 2), calpain 7 may form a 
complex with both microtubule-related proteins and those for 
regulating adenylyl cyclase. 
Immunofluorescence microscopy showed that Ci-Sp17 was 
localized at mitochondria and along flagella. The addition of 
SAAF reduced the signal from sperm, mostly from 
mitochondrial region, and alerted the localization. MCD could 
inhibit this process, indicating that the change of the 
localization was caused by degradation (Fig. 13). N-terminal 
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'""40 amIno acids regIon of Sp 1 7 IS thought to function In 
anchoring to plasma membrane (A. Hozumi, L. Zhu, Y. 
Sasakura, K. Inaba, manuscript in preparation). Most part of 
Sp17, as well as its degradative products, was found in non-raft 
fraction (Fig. 9). Sp17 has binding sites for PKA regulatory 
subunit and calmodulin. After degradation, the peptides with 
these sites are thought to be released to cytoplasm. It is 
possible that this region functions to bind PKA and calmodulin 
and regulates the subsequent signaling pathway. Alternatively, 
these binding sites might function to anchor PKA and 
calmodulin for signaling to the activation of AC and 
degradation of Sp17 might release this anchoring. 
In seawater, SAAF-induced Ca2+ influx results In 
increasing of calpain activity and AC activity. On the other 
hand, from the experiment using isolated lipid rafts, raft 
disruption is thought to also induce the increase of calpain 
activity and AC activity under a Ca2+ free condition (Fig. 14). 
PD150606 could reduce the AC activity after disruption of lipid 
rafts in the absence of Ca2+, suggesting that calpain activity is 
Ca2+-dependent and also lipid rafts dependent. The reason why 
MCD treatment in the absence of Ca2+ activates AC activity is 
unsolved, but this might be connected to the observation of 
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artificial activation of sperm motility by the addition of 
valinomycin in the presence of MCD under Ca2+-free condition 
(Fig. 5). Furthermore, any mAC could not be identified in the 
lipid raft, although sAC was found to be associated with lipid 
rafts. Because sAC has no transmembrane region, it is thought 
to associate with membrane through some interacting proteins. 
Supposing that sAC, Sp17 and calpain are all associated 
together in the same lipid raft and that Ca2+lcalpain degrades 
Sp17 to release the inactivated state of AC, it would be well 
explained that MCD could release such an inhibition (Fig. 15). 
In this case, Sp 1 7 or its possible binding protein might be the 
inhibitor of AC (Fig. 15). The molecular identification and 
interaction of Sp 1 7 and its associated proteins should shed light 
on this new mechanism for regulating AC at the activation of 
sperm motility. 
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Materials and Methods 
Experimental animals 
The ascidians Ciona intestinalis were cultured at Maizuru 
Fisheries Research Station, Kyoto University, and Misaki 
Marine Biological Station, the University of Tokyo, and 
supplied through the National Bioresource Project, MEXT, 
Japan. In some cases, animals were collected near the 
Education and Research Center of Marine Bio-Resources, 
Tohoku University, or cultured at Otsuchi Marine Research 
Center, the University of Tokyo. Adults were kept in an 
aquarium under constant light until use. 
Measurement of sperm motility 
Sperm were collected by dissecting the sperm duct of C. 
intestinalis without dilution by seawater and kept on ice. For 
most analyses, 0.5 ml undiluted "dry" sperm was diluted into 
200 ml of artificial seawater (ASW) containing 469 mM NaCl, 
10 mM KCl, 36 mM MgCl2, 17 mM MgS04, 10 mM CaCl2, and 
10 mM HEPES at pH 8.2, in the absence or presence of test 
compounds. Twenty ml of the suspension was spread on a glass 
slide, and sperm motility was observed using an Olympus BX40 
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Research Microscope (Olympus Optical, Tokyo, Japan) under 
dark field with a 20X objective. Images were recorded using a 
CCD camera and a tape recorder. The percentage of motile 
spermatozoa was calculated from a video image 10 sec after 
activation. Samples were measured four-fold and data were 
expressed as means ± standard deviation. All observations were 
run at room temperature (RT). In several experiments, 
incubation with MCD was carried out at room temperature for 
10 min prior to tests of sperm motility. For motility activation, 
SAAF or theophylline was added to 1 pM or 100 1-lM, 
respectively, to the sperm suspension. 
Preparation of sperm flagella 
Sperm were washed with Ca2+-free seawater containing 
469 mM NaCI, 10 mM KCI, 36 mM MgCI2, 17 mM MgS04, 10 
mM EGTA, and 10 mM HEPES at pH 8.2, and centrifuged. The 
sperm pellet was suspended in Ca2+-free seawater and 
homogenized on ice using a Teflon homogenizer to separate the 
heads and flagella. Mter the homogenate was centrifuged at 
500 g for 10 min at 4°C, the resulting supernatant was 
centrifuged at 12,000 g for 10 min at 4°C and the pellet 
containing the flagella was collected. 
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Isolation of lipid rafts 
Ciona semen (0.4 m!) was washed with Ca2+-free seawater 
and extracted with 300 J.ll of 1 % Triton X-I 00 in a buffer A 
containing 0.15 M KCl, 2 mM MgC12, 0.5 mM EGTA, 0.2 mM 
DTT, 10 mM Tris-HCl, pH 8.0, and a protease inhibitor cocktail 
tablet (Roche1 Applied Science, Complete-mini, EDTA-free; 1 
tablet/10m!). The extract (200 J.l!) was well mixed with 2 
volumes of 80% sucrose in buffer A and put in the bottom of a 
centrifuge tube. It was layered with 1 ml of 40% sucrose in 
buffer A, followed by 500 1-11 of 5% sucrose in buffer A. The 
samples were centrifuged for 1.5 hrs at 4 °C in Hitachi Micro 
Ultracentrifuge CS150NX with S55S swing rotor. Fractions of 
,...,150 ml each were collected from the top of sucrose gradient by 
BIOCOMP Gradient Station (Bio Comp Instruments, Inc). 
cAMP measurement 
Ciona sperm (7 x 105 cell/ml) were pre-treated with or 
without 100 pM MCD in ASW at RT for 10 min. Then 1 pM 
SAAF or 100 pM theophylline was added to activate motility. 
After 10 sec, sperm were extracted using lysis buffer and 
intracellular cAMP was measured using the Amersham cAMP 
Biotrak EIA system (GE Healthcare), according to the 
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manufacturer's instructions for the non-acetylated method. For 
measuring adenylyl cyclase activity, protein samples were 
incubated in buffer A containing 5 mM MgATP at 20°C for 3 hrs, 
and synthesized cAMP was measured by the Biotrak EIA 
system. 
SDS-PAGE and Western blotting 
SDS-PAGE and Western blotting were carried out 
according to the method described previously (Satouh et aI., 
2005). Anti-human flotilin 2 antibody was purchased from 
Sigma (F1S05). Production of anti-Ciona Skp1 antibody and 
anti-Ci-Sp17 were previously described (Hozumi, 2005; Hozumi 
et aI., 200S). 
Cholesterol measurement 
Ciona sperm (1.5 x 107 celllm!) were treated with MCD (0, 10, 
100 mM or 1000 mM) at RT for 10 min, collected by 
centrifugation, and the pellet was suspended in extraction 
buffer provided In the CholesterollCholesteryl Ester 
Quantitation Kit (Calbiochem). Cholesterol concentration was 
determined using the kit according to the manufacturer's 
instructions for colorimetric detection. 
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Fluorescence imaging of [Ca2+]i 
Ciona sperm were diluted 10-fold in low Ca2+ and low pH 
seawater (LASW: 460.3 mM NaCI, 10.11 mM KCI, 1 mM CaCI2, 
35.91 mM MgCI2, 17.49 mM MgS04, 0.1 mM EDTA, 10 mM 
HEPES-NaOH (pH7.2), containing 20 pM Fluo8-AM (Quest 
Fluo-8TM system, ABD Bioquest) and 0.05% Cremophor EL 
(Sigma C5135). The suspension was incubated at 18°C for 3 hrs 
and kept on ice for 1 hr to load the fluorescent dye. Sperm were 
then treated with or without MCD (1 mM) at RT for 10 min. 
The mixture was diluted 103 times into ASW on glass slides, 
and then 1 pM SAAF was added. Images were captured using 
an inverted fluorescent microscope (Olympus IX71) with a 60X 
objective, using an Image-EM high sensitivity cooled CCD 
camera (Hamamatsu Photonics Inc.). Filter sets with 
BP490-500 and BA510-550 were used for excitation and 
emISSIon, respectively. Fluorescence was processed and 
analyzed uSIng AQUACOSMOS software (Hamamatsu 
Photonics Inc.). [Ca2+] i was expressed as the ratio of 
fluorescence signals to the maximum fluorescence signal 
(F/F maJ in the same region of sperm. 
Chemotaxis analysis 
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Sperm chemotactic behavior was analyzed according to 
Yoshida et al (2002). Sperm pre-treated with or without 10 J.lM 
MCD for 10 min were suspended in ASW containing 1 mM 
theophylline and placed on glass slides. 1 mM SAAF was rnixed 
with the same volume of 2% agar, enclosed in the tips of glass 
capillary tubes, and inserted into the sperm suspension. Sperm 
movements were observed by phase-contrast microscopy 
(Olympus BX51) using a 40X objective. Sperm trajectories near 
the tip of capillary were recorded by a CCD camera (HAS-200; 
Ditect, Tokyo) and images analyzed by Bohboh software. 
LC-MS/MS analysis 
Proteins were separated by SDS-PAGE with 10% 
polyacrylamide gel. Coomassie-stained protein band was cut 
out and trimmed into small pieces. The gel pieces were then 
washed twice with 50% methanol for 10 min and finally 
completely dehydrated by washing with 100% acetonitrile for 5 
min. The dried gels were re-swollen in 10 pg/ml trypsin 
(Promega, Madison, WI) in 100 mM NH4HC03for 15 min. After 
removal of excess trypsin solution, the gel pieces are covered 
with 100 mM NH4HC03 and incubated at 37°C overnight. The 
peptide mixture was applied to a LC column station UltiMate 
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3000-nano (DIONEX) on-line connected to a LTQ-XL (Thermo 
Scientific, Inc). 
Imm unohistochemistry 
Immunofluorescence microscopy was carried out according 
to the methods described previously (Padma et a1., 2003). 
Sperm from C. in tes tin a lis were diluted with artificial seawater. 
They were fixed with 4% paraformaldehyde in 0.1 M MOPS and 
0.5 M NaCI, pH 8.0 for 1 hr at room temperature (RT) and then 
attached on slides pre-coated with 1 mg/ml poly-I-lysine. After 
incubation for 5 min at room temperature, sperm were again 
fixed and permeabilized by incubation in methanol at -20oC for 
10 min. After quick removal of methanol by air blow, the slides 
were rehydrated using excess volume of PBS. The slides were 
transferred to a moist chamber and incubated with blocking 
buffer (10% goat serum in PBS) for 1 hr at RT and then with 
antiserum anti-Ci-SpI7 antibody (1:100 dilution) in the 
blocking buffer for 1 hr at RT, followed by washes four times 
with PBS (5 min each) at RT. The samples treated with 
anti-Ci-SpI7 were then incubated with Alexa 546-conjugated 
goat anti-mouse IgG (Molecular Probes, Eugene, OR) at 1:1000 
dilution for 1 hr at RT, washed with PBS (5 min) at RT, treated 
54 
with PBS containing 1 11M 4,6-diamidino-phenylindole (DAPI) 
and mounted in 50% glycerol. Slides were examined by BX50 
microscope (Olympus, Tokyo, Japan) with 100X glycerol 
immersion objective. 
Computational analysis 
Proteins homologous to the MS-identified proteins were 
searched for in the NCB I non-redundant protein database 
using BLASTP. Search and analysis of Ciona genes and 
proteins were done using on-line databases at CIPRO 
(http://cipro.ibio.jp/2.5/), Ghost (http://ghost.zool.kyoto-u.ac.jp/) 
and JGI Ciona database (http://genome.jgi-
psf.org/Ciona4/Ciona4.home.html). Based on sequence 
homology, functional categorization of the identified proteins 
was performed according to the KOG database (Tatusov et aI., 
2003) with some modifications (Nomura et aI., 2008; Nakachi et 
aI., 2011). 
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General Discussion 
In this thesis, I examined the functions of lipid rafts in the 
sperm motility by using the ascidian Ciona in testin alis. Ciona 
sperm show simple structure and the motility activation and 
chemotaxis are induced by SAAF, a sulfated steroid released 
from egg. Sperm activation and chemotaxis can be reproduced 
in vitro by purified or chemically synthesized SAAF. This 
system provides excellent research basis for studying signaling 
mechanism for activation of molecular motor, which could not 
be easily achieved using mammalian sperm. I have here found 
that the structure of lipid raft is necessary for the activation of 
sperm in Ciona in testin alis. I also found that Ci-Sp17 is a 
component of lipid rafts and is degraded at activation of sperm 
motility. The degradation of Ci-Sp17 was partially inhibited by 
disruption of lipid rafts and by a calpain inhibitor. Proteomic 
analysis of flagellar lipid rafts identified a protein similarity to 
human calpain 7, which intriguingly possessed two 
microtubule-binding domains. Other than SpI7 and calpain 7, I 
found several interesting proteins in the lipid rafts that are 
possibly involved in the signaling pathway for motility 
activation. Semi-quantitative analysis using peptide counts and 
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comparIson with raft proteome of whole sperm identified 
proteins that are expected to participate in the transmembrane 
signaling pathway for the activation of sperm motility. 
Based on the results obtained in this study, I propose a 
possible model for lipid raft-based signaling pathway for 
motility activation as follows: PMCA is thought to maintain 
intracellular Ca 2+ very low at the resting state of sperm. 
Binding of SAAF to its possible receptor, PMCA, induces 
increase in Ca2+ concentration. This would be achieved by both 
inactivation of PMCA and opening of a Ca2+ channel. It is 
known that membrane hyperpolarization induces synthesis of 
cAMP and the activation of sperm motility. Valinomycin can 
induce the activation without addition of SAAF. Membrane 
hyperpolarization is caused by K+ efflux and is possibly 
conducted by an abundant raft channel KCNG. The activation 
of this channel would be performed by cGMP as it well known 
in the activation of sea urchin sperm, although the increase of 
cGMP has not been detected in this study. Membrane 
hyperpolization activates voltage-dependent Ca2+ channel, 
possibly CatSper 1 as identified in the proteomic work. All of 
these processes are raft-dependent and treatment with MCD 
results in inhibition of motility activation. Increase in 
57 
intracellular Ca2+ induces the activation of calpain to degrade 
Sp17, a possible inhibitor of sAC, resulting in the activation of 
sperm motility. 
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84 
SAAF binding to the receptor 
/ ~ 
K+ efflux through K+ channel 
Membrane hyperpolarization 
Ca2+ influx through T-type Ca2+ channel 
Activation of adfnYlYl cyclase 
~~ 
ATP cAMPf 
CAMP-dependent protein kinase 
~ 
Phosphorylation of axone mal proteins 
~ 
Motility Activation 
Transient Ca2+ influx through 
store-operated Ca2+ channel ? 
~ 
Flagellar wave asymmetry 
~ 
Transient changes in the 
swimming direction 
Chemotaxis 
Fig. 1. Molecular mechanism of the motility activation and sperm 
chemotaxis. 
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MCD (pM) 
Fig. 2. MCD efficiently extracts cholesterol from Ciona sperm. Ten ml of 
sperm suspension (1.5 x 107 cells/mD was treated with the indicated 
concentrations of MCD for 10 min and then precipitated by centrifugation. 
The pellet was extracted with 1 ml of extraction buffer and cholesterol 
content of the extract was measured. Experiments were carried out with 
five samples, and averages and standard deviations are indicated. 
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l\1CD (JlM) 
Fig. 3. SAAF-dependent activation of sperm motility is inhibited by 
MCD. Sperm were suspended in artificial seawater (ASW) containing 0, 1, 
2, 5, 10, 100, or 1000 f.lM MCD. ASW (open circles), 1 f.lM SAAF (closed 
circles) or 100 f.lM theophylline (triangles) was added to the suspension 
and the percentage of motile sperm was calculated. Typical data from five 
experiments are shown. 
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Fig. 4. Increases in intracellular cAMP promoted by SAAF are inhibited 
in MCD-treated sperm. A, Sperm untreated (No MCD) or pre-treated with 
100 J.lM or 1 mM MCD were activated by 0.1 mM SAAF (S) or 4 mM 
theophylline (T). ASW (A) was used as the control. cAMP was measured at 
10 sec after activation. B, Effect of incubation with 100 J.lM or 1 mM MCD 
on sperm cAMP level. cAMP was measured after incubation with MCD for 
0, 1, 2 and 10 min. Typical data from three experiments are shown. 
88 
A B 
100 
Fig. 5. Effect of MCD on valinomycin (Van-induced activation of sperm 
motility. Sperm motility in artificial seawater (ASW, A) or in Ca2+-free 
seawater (CaFSW, B) are shown. Sperm untreated or pre-treated with 100 
J.1M MCD for 10 min were similarly analyzed after adding 1 J.1M SAAF or 
100 J.1M theophylline in the presence or absence of 10 J.1M valinomycin. 
Typical data from three experiments are shown. Experiments were carried 
out with five samples, and averages and standard deviations are 
indicated. 
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O----~----------------~ 
None +SAAF + A23187 1 mM MCD 
+ A23187 
Figure. 6. MCD affects sperm motility activated by A23187-dependent 
Ca2+ entry. Sperm untreated or pre-treated with 1 mM MCD were 
suspended in ASW containing Ca2+ at 0.5 mM rather than 10 mM (Ca2+ 
low seawater; CaLSW). In CaLSW, sperm motility is activated by Ca2+ 
entry promoted by treatment with 10 f.1M A23187. 
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Fig. 7. Imaging of [Ca2+L during SAAF-induced activation of sperm 
motility. Sperm loaded with Fluo-8 AM were divided into two groups and 
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incubated in ASW with or without ImM MCD and then activated by l1-lM 
SAAF. Changes in fluorescence were monitored by a fluorescent 
microscope with a cooled CCD camera and analyzed by AQUACOSMOS 
software. A and B, pseudocolor images of fluorescence during the course of 
motility activation in control and MCD-treated sperm, respectively. The 
color scale at right indicates fluorescence signal intensity. Inset numbers 
represent the time of image capture (sec). C and D, changes in 
fluorescence intensity in control (C) and MCD-treated (D) sperm after 
activation by SAAF. Red or blue lines represent fluorescence intensity of 
the head or flagellar region, respectively. E, comparison of F/F max between 
control and MCD-treated sperm in the head (left) and flagellar (right) 
regIons. 
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Fig. 8. Lipid raft disruption inhibits chemotactic behavior of Ciona 
sperm. Sperm were suspended in ASW without (A) or with (B) MCD (10 
~M), and then activated by 1 mM theophylline. A capillary filled with 
SAAF-containing agar at the tip was inserted into the sperm suspension. 
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Sperm trajectories were traced and analyzed using Bohboh software (left). 
'!\vo sperm trajectories (blue and red lines) showed sperm approaching the 
tip of capillaries containing SAAF (yellow circle) in the absence of MCD 
(middle). The distance from the origin (defined as the position of SAAF) to 
the sperm head was measured and plotted against time (right). The line 
and formula represent the linear equation and coefficient of the plot, 
respectively. Chemotactic behavior is quantified as LECI (linear equation 
chemotaxis index), which represents the negative value of the coefficients 
of the equation (Yoshida et aI., 2002). LECI from these two examples are 
68.9364 and 59.4469 in the case of control and 0.0215 and 2.2843 in 
MCD-treated sperm. (C) Statistical analysis of LECI (n=10 in both 
MCD-treated and untreated groups) demonstrates that MCD inhibits 
sperm chemotactic behavior. 
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Fig. 9. Lipid rafts from Ciona sperm. A: lipid rafts were 
isolated by sucrose density gradient centrifugation from sperm 
Triton X-IOO extract. The 5% to 60% sucrose was used. Lipid 
rafts were observed as white band. B: Totally 13 fractions were 
collected after centrifugation. Protein assay showed lipid rafts 
region from fraction number 3 to 5. C: Flotillin 2 was used for 
lipid raft protein marker, and Skpl for a no-raft protein 
marker. 
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Fig. 11. Both Ci-Sp17 and calpain 7 were identified as lipid raft 
components, although large parts of these proteins are also found in the 
non -raft fractions. Fractions from sucrose gradient were separated by 
SDS-PAGE, transferred to a PVDF membrane and western blotted with 
several antibodies. Each antibodies recognized a single band (blue 
arrows) but in the case of Sp 17 two major degradative products (red 
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Fig. 12. Effects of MCD on the degradation of Ci -Sp 17 in sperm under 
different conditions. A, When SAAF was added to sperm, Ci -Sp 17 was 
partly depredated. MCD treatment inhibited SAAF-induced degradation 
of Ci-Sp17. A calpain inhibitor PD150606 also showed the inhibition of 
Ci-Sp17 degradation induced by SAAF. The Ca2+ ionophore A23187 can 
induce the degradation of Ci-Sp17. MCD could partly inhibit this process. 
B, Effect of PD150606 on the increase in intracellular cAMP 
concentration of sperm in response to SAAF. PD145305 has the similar 
structure ofPD150606 and it is used as a control compound. It showed no 
inhibition of Ci-Sp 17 degradation. 
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Fig. 13. Immunofluorescence localization of ei-Sp17. In ASW, Sp17 is 
localized near the mitochondrion and long sperm flagella (A). Addition of 
SAAF significantly reduced the signal (B), however this reduction was 
inhibited by the treatment of sperm with a raft disrupter MeD (e). 
Upper or lower panel of each set of picture represent DIe or fluorescent 
image, respectively 
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Fig. 14. Measurement of AC activity in the isolated lipid rafts. Lipid 
raft fraction was mixed with PD150606 (PD) or MCD in the presence or 
absence of 10 mM CaCb. AC activity was measured by quantitation of 
cAMP produced. 
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Fig. 15. Possible model for the regulation of AC activity in isolated lipid 
rafts of Ciona sperm. Sp 17 is supposed as the inhibitor of AC and 
Ca2+/CaM as the activator of AC (see discussion in chapter 3). 
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